The behaviour of N-(phenylsulfonyl)-glycine (PSG) and phenacetin (PHE) in a municipal sewage treatment plant near Heidelberg, Germany, was investigated in the summer of 1997. For that purpose, 10 g of each substance was dissolved and poured simultaneously into the in¯uent. In addition to the spiked compounds, the samples of the in¯uent, the biological stage and the euent were analyzed for N-(phenylsulfonyl)-sarcosine (PSS), N-methyl-N-(phenylsulfonyl)-amide (MPS), N-methyl-phenacetin, N-methyl-N-(phenylsulfonyl)-e-aminocaproic (PSC) acid and its degradation product N-methyl-N-(phenylsulfonyl)-c-aminobutyric (PSB) acid. Within 24 h PHE could be detected almost quantitatively in the euent. Since N-methyl-phenacetin could not be found in any of the samples, apparently no methylation of the amino-group of PHE took place. The amount of PSG in the euent was within 24 h 26.0 g, which is more than two fold higher than added. The decrease of PSG between biological stage and euent and the increase of PSS within the same time correlate well. Therefore, the formation of PSS by microbial methylation of PSG in the sewage treatment plant must be assumed. Ó
Introduction
By comparing concentrations of drugs and other compounds in the in¯uent, the biological stage and euent of a sewage treatment plant, conclusions about their degradation behaviour can be made. N-(phenylsulfonyl)-glycine (PSG) was identi®ed ®rst in 1996 in German rivers and sewage treatment plants (Krause et al., 1998) . In surface waters the concentrations of PSG ranged between 50 and 850 ng/l and the concentrations in municipal sewage treatment plants it ranged in the biological stage and the euent between 300 and 3100 ng/l. The origin of PSG however is hitherto unclear.
Another sulfonamide, N-(phenylsulfonyl)-sarcosine (PSS), was detected in 1994 (Heberer and Stan, 1994) and found in rivers, sewage treatment plants and drinking water (Heberer and Stan, 1995; Heberer et al., 1997a; Knepper and Haberer, 1996) . Besides its occurrence in sewage farm ground in concentrations up to 40 lg/l (Heberer and Stan, 1994) , PSS was also detected in the river Rhine and its tributaries (e.g., the rivers Main, Neckar, Mosel) in concentrations ranging between 40 and 1260 ng/l. Knepper et al. (1995) suggest that PSS is formed by double b-oxidation of Nmethyl-N-(phenylsulfonyl)-e-aminocaproic (PSC) acid, a corrosion preventing additive (Diery et al., 1976; Geke and Stedry, 1984; Diery et al., 1969) . Nevertheless it is still questionable, whether the total amount of PSS measured in rivers derives only from PSC Chemosphere 40 (2000) 375±381 degradation. Therefore, one of our aims was to study the possibility of microbial methylation of PSG to PSS (Fig. 1) . By measuring PSC and its degradation product N-methyl-N-(phenylsulfonyl)-c-aminobutyric (PSB) acid, we investigated the amount of PSS formed by decomposition of PSC. In soil and sewage treatment plants PSS is slowly degraded to N-methyl-N-(phenylsulfonyl)-amide (MPS) (Kirschhofer 1996) . MPS is used as plasticizer for the production of polar polymers (Vickers-Zimmer, 1968; Bayer, 1988; Chesunova et al., 1972) . N-butylbenzenesulfonamide, which is also used as plasticizer (Vickers-Zimmer, 1968; Bayer, 1988) was found in 1995 in the rivers Elbe, Weiûe Elster and Mulde, Germany, in 1995 (Franke et al., 1995) . To investigate how much and how fast the spiked amount of PSS is degraded in a sewage plant we measured MPS as well.
Phenacetin (PHE) was used until 1986 as an analgesic and was then replaced because of its kidney damaging eect by paracetamol (Hunnius, 1998) . Our aim was the investigation of the metabolism of PHE to N-methylphenacetin, which might be formed by microbial methylation in sewage treatment plants (Fig. 2) . N-methylphenacetin was found by Heberer et al. (1997b) in concentrations ranging between 5 and 470 ng/l and it has been assumed that N-methyl-phenacetin is a metabolite of PHE.
Experimental

Reagents
PSG, PSS and PSB acid were synthesized as described in Fischer and Lipschitz (1915) . PSC acid was prepared according to Benson and Cairns (1948) . and Nmethylbenzenesulfonamide as reported in Houben-Weyl (1995) . PHE was purchased from Aldrich. N-methyl-tbutyl ether was purchased from Fluka. Isopropanol was obtained from Merck. The derivatization agent diazoe- Fig. 1 . Proposed degradation pathway of PSC (Knepper et al., 1995) . thane was prepared according to Adamson and Kenner (1937) . Bio-Beads S-X8 purchased from Bio-Rad Laboratories, were used as a stationary phase for gel-permeation chromatography.
Sampling
A municipal sewage treatment plant near Heidelberg, Germany, was selected as a study site. The sewage plant was built in 1980 and the biological cleaning step consists only of an activated sludge tank, without nitri®-cation or denitri®cation step.
Some important technical details about the investigated sewage plant:
The average residence time in the mechanical step (screen) (1 h) and sand trap (3 h) is not important in this case, as the spiking of the substances took place behind the autosampler of the in¯uent.
10 g PSG was dissolved by stirring in an alkaline water solution. The pH value was adjusted with NaOH; 10 g PHE, which is insoluble in water was dissolved with some milliliters of isopropanol. These solutions were poured into the in¯uent behind the mechanical cleaning step located after the automatic sampler at 8 a.m. For this reason the added 10 g of the spiked compounds are not found in the samples of the in¯uent. Samples of the in¯uent and the euent were taken by an automatic sampler, which delivered a representative mixed sample every two hours from 9 a.m. to 9 p.m. Samples of the biological stage were taken by ourselves every hour from 8 a.m. to 6 p.m. as random samples. Of course a comparison between the loads of the biological stage and the in¯uent and the euent is dicult, but it can be assumed, that the substances have through the biological stage at this time. In addition, the comparison between the in¯uent and the euent is given. All samples were stored in brown 2 l glass bottles at 4°C.
Extraction and derivatization
Every sample was ®rst adjusted to pH 7 to extract MPS, PHE and N-methyl-phenacetin, and after that to pH 2 to extract PSG, PSS, PSB and PSC.
Five hundred milliliter of the un®ltered sample of in¯uent and euent were buered with Na 2 HPO 4 to pH 7. After adding 150 g NaCl, the sample was extracted twice with 25 ml methyl-t-butyl ether in a separation funnel. The organic phases were combined, dried with Na 2 SO 4 and evaporated in a 250 ml pear-shaped¯ask with an integrated centrifuge tube with graduation (0.25±6 ml) to about 6 ml with a rotary evaporator. The extract of the in¯uent was reduced by a gentle stream of nitrogen to 0.5 ml, the extract of the euent to 1 ml.
After that the aqueous phase was acidi®ed with concentrated sulfuric acid to pH 2 and extracted twice with 50 ml ethyl acetate in a separation funnel. The organic phases were treated in an analogue way to the procedure of the neutral extraction. The neutral and acidic extracts of the in¯uent were puri®ed by gel-permeation chromatography, and the euent extracts were each derivatized with 200 ll of an etheric solution of diazoethane (0.2 mol/l). 500 ml of the un®ltered sample taken from the activated sludge basin (biological sample) were buered with Na 2 HPO 4 to pH 7. Then 150 g NaCl and 50 ml methyl-t-butyl ether were added and the bottle was shaken for two hours by an overhead shaker. Another 500 ml of the biological sample were acidi®ed with concentrated sulfuric acid to pH 2, 150 g NaCl and 100 ml ethyl acetate were added and also shaken for two hours. The organic phases were separated in a separation funnel and processed as described before.
Gel-permeation chromatography (GPC)
Puri®cation of the acidic and neutral extracts of the in¯uent and the biological step was carried out by gelpermeation chromatography. GPC cleaning was performed on a T11-96206 GPC (ISCO, USA) combined with a RetrieverTM 500 autosampler (ISCO, USA) and a FMI LAB Pump (Model 2SY). The inner diameter of the precolumn was 0.5 cm and the length 30 cm, the inner diameter of the column was 2 cm and the length 30 cm. Bio Beads SX-8 were used as a stationary phase in the precolumn as well as in the column; the mobile phase was a mixture of cyclohexane/ethylacetate (1/1 V/V). The elution rate was 1.5 ml/min. The ®rst 120 ml were discarded. The fraction 135±450 ml was combined and evaporated ®rst to about 6 ml by a rotary evaporator, and then reduced to 1 ml by a gentle stream of nitrogen.
The extract was derivatized with 200 ll of an etheric solution of diazoethane (0.2 mol/l).
Gas chromatographic determination
Compounds with a secondary amino group such as PSG, were partly ethylated at the nitrogen atom during derivatization. Therefore, the characteristic masses for the nitrogen ethylated and the non-nitrogen ethylated compounds are shown in Table 1 . The characteristic mass with the highest intensity is italicised.
Results and discussion
A total ion chromatogram of a standard mixture (0.1 mg/l) of all investigated compounds is shown in Fig. 3: To test the recoveries, 500 ml bidistilled water was spiked with 1 ml of a 1 mg/l standard. The recovery sample was treated as described in Section 2.3 and was reduced with a stream of nitrogen to 1 ml. The recoveries of PSB and PSC shown in Table 2 were signi®-cantly higher than by extraction at pH 2 alone (Krause et al., 1998) . Due to the longer alkyl-chain of PSB and PSC, a fraction of them was found in the extracts at pH 7. The recoveries for the GPC clean-up were determined as follows: 500 ll of a 5 mg/l standard were applied with a 500 ll syringe on the precolumn. Fraction 135±450 ml was combined and processed as described in chapter`g el-permeation chromatography''. N-methyl-phenacetin recoveries were not determined, since it was not commercially available. Nevertheless, the samples were screened for N-methyl-phenacetin. The recoveries for the extraction method (pH 2 and 7) and the gel-permeation chromatography were repeated three times and are shown in Table 2 .
The loads of the investigated substances in the sewage treatment plant are shown in Table 3 .
Phenacetin (PHE)
Surprisingly, we found quite high concentrations of PHE in the in¯uent, though PHE was not used since 1986. These concentrations can not be assigned to PHE but to paracetamol, due to the use of diazoethane as the derivatization reagent (Fig. 4) . After ethylation of the hydroxyl-group of paracetamol it is not distinguishable from PHE; both structures are totally equivalent. Paracetamol is a metabolite of PHE which has been used as an analgeticum since 1986 (Hunnius, 1998) .
The load of paracetamol within 24 h in the in¯uent was 8.2 g. This amount is alone assigned to paracetamol, due to the prohibition of application of PHE and due to the fact that PHE was added behind the automatic sampler. In the biological stage a load of 18.9 g PHE + paracetamol was found within 10 h; in the euent we measured 18.3 g. After subtraction of 8.2 g paracetamol detected in the in¯uent, 10.7 g PHE were determined in the biological stage and 10.3 g in the euent. Consequently, the spiked amount of PHE could be found quantitatively in the biological stage and the euent. 141, 172, 184, 268 Phenacetin 108, 109, 137, 151, 193 samples were screened for N-methyl-phenacetin, but the compound was not found in any of the samples. Therefore, it could not be con®rmed that N-methyl-phenacetin is a metabolite of PHE which is supposedly produced by methylation of PHE during sewage treatment (Heberer et al., 1997b) . The concentrations of N-methyl-phen- 3 g ) from the in¯uent the recoveries of paracetamol were used. The dierence must be assigned to phenacetin and therefore recoveries of phenacetin were used. Table 2 Average recoveries (n 3) (the numbers in brackets are the standard deviations) acetin measured by Heberer et al. (1997b) probably originate from other metabolic processes.
N-(phenylsulfonyl)-glycine (PSG)
4.7 g PSG was detected after 24 h in the in¯uent. After spiking 10 g PSG, 73.9 g of the compound could be measured in the biological stage within 10 h. This amount is seven times higher than the expected 10 g. Therefore, a formation of PSG in the biological stage of the sewage treatment plant must be assumed. Between the biological step and the euent a decrease of the PSG load of 47.9 g was found; a metabolism of PSG took place there. Fig. 5 shows a chromatogram of the euent and a mass spectrum of PSG and PSS as well as a peak which can be assigned to PSB. The sample was taken by an automatic sampler approximately 15 h after PSG was spiked in the in¯uent.
N-(phenylsulfonyl)-sarcosine (PSS)
The load of PSS was relatively low with 0.1 g in the in¯uent and 4.3 g in the biological stage. Between the biological stage and the euent a sharp increase from 4.3 to 37.8 g was found. The decrease of PSG (47.9 g) and the increase of PSS (33.5 g) correlate well. Therefore, a formation of PSS between the biological stage and the euent must be assumed. Dierent pathways for the formation of PSS are imaginable: One pathway is the degradation of PSC to PSS (Fig. 1) , as an alternative a microbial methylation of PSG is possible (Fig. 1) . In this case we favour a microbial methylation of PSG, because of the correlation of the increase of PSS and the decrease of PSG. The mass spectrum of PSS is shown in a chromatogram in Fig. 5. 
N-methyl-N-(phenylsulfonyl)-amide (MPS)
5.1 g MPS could be found in the in¯uent within 24 h. In the biological step the amount of MPS increased slightly up to 9.9 g. We assume that PSS is partly decomposed to MPS (Kirschhofer, 1996) . A further degradation between biological step and euent took place, so that only 1.0 g MPS was detected in the euent. There are dierent possible degradation pathways, one of which can be a hydrolysis to benzene sulfonyl acid.
N-methyl-N-(phenylsulfonyl)-e-aminocaproic acid (PSC)
4.9 g were found in the in¯uent and 3.8 g in the biological step. PSC was not identi®ed in any of the euent samples. A decrease of the PSC amount could be observed between the biological stage and the efuent. At this time PSC was degraded to PSB and PSS according to Fig. 1 . But from 4.9 g PSC (0.0172 mol) only 4.4 g PSB (0.0172 mol) were produced. These 4.4 g PSB could decomposed to 3.9 g PSS (0.0172 mol). Therefore, the amount of PSB (14.5 g) found in the euent could not be formed solely by decomposition of PSC.
N-methyl-N-(phenylsulfonyl)-c-aminobutyric acid (PSB)
PSB was neither identi®ed in the in¯uent samples nor in the biological samples. A strong increase of 14.5 g was noted between the biological stage and the euent. PSB can be formed by decomposition of PSC. But, as shown before, the amount of 14.5 g of PSB could not be formed solely by degradation of PSC. There must be another pathway for its formation. 
Conclusions
Very dierent results were found for the two spiked compounds PHE and PSG. The spiked 10 g PHE were quantitatively detected in the biological stage as well as in the euent. No methylation of the amino-group took place. Therefore, it could not be con®rmed, that Nmethyl-phenacetin is a metabolite of PHE.
With 73.9 g the PSG amount measured in the biological stage is six times higher than the spiked amount. This result can be explained by a hitherto unknown degradation or formation of PSG in the biological step. Even after the decrease of PSG between biological step and euent, the measured load is 26.0 g, which is two times higher as expected. An interesting point is that the amount of PSS in the euent corresponds exactly to the amount of PSG which is decomposed within the same period. Therefore, it can be assumed that PSS is produced by microbial methylation from PSG.
